Background: Echocardiography is a cost-efficient method to screen cats for presence of heart disease. Current reference intervals for feline cardiac dimensions do not account for body weight (BW).
P ure-bred cats are commonly screened by echocardiography for breeding purposes for the presence of heart disease, in particular hypertrophic cardiomyopathy (HCM). Currently used reference intervals for cardiac dimensions in cats are mostly based on studies using first-or second-generation ultrasound systems, often with unguided M-mode imaging. [1] [2] [3] [4] Furthermore, these studies included a limited number of presumably normal cats, or cats of 1 breed examined at 1 center by 1 or a few observers. [1] [2] [3] [4] [5] [6] [7] [8] Accordingly, critics have questioned the usefulness of some of these published reference ranges because of the ultrasound systems used, small sample sizes, lack of data points for the extremes of body size, wide prediction intervals, and the use of inappropriate statistical methods. 9 The association between body weight (BW) and echocardiographic measurements has been examined in a few studies, and the results suggested a small effect of BW. 1, 4, 8, 10 Recently, a study in Bengal cats utilized allometric scaling in creating normal reference ranges for echocardiographic measurements in this particular breed. 11 However, fixed reference ranges, ignoring the possible effect of BW, are most commonly used. For instance, upper limits for diastolic left ventricular (LV) wall thickness of 5.5 12 to 6 mm 13, 14 and a left atrial (LA) diameter of 16 mm 15, 16 have been proposed. This approach likely applies to cats of a certain body size, but would underdiagnose LV hypertrophy or LA dilatation in smaller cats and overdiagnose it in larger cats. Given that, in the absence of obesity, adult pure-bred cats range in body size from 2.5 kg to >10 kg, 17 it is important to identify equations that accurately describe the associations between body size and cardiac dimensions in cats.
In dogs, the effect of body size on cardiac dimensions is well known and measurements of cardiac dimensions often are normalized to BW using the principle of allometric scaling. [18] [19] [20] In brief, the principle of allometric scaling relates a measurement, such as echocardiographic dimensions and physiological variables, with BW (mass or volume) based on the following relationship, where Y represents the measurement and a and b are constants:
The constant b is often referred to as the scaling exponent, and its numerical value differs depending on exactly which variables are related to BW.
18-20 For 1-dimensional measurements, such as echocardiographic dimensions, it has a theoretical value of 0.33, and for 2-dimensional measurements, it has a theoretical value of 0.67. For metabolic rate, it has a theoretical value of 0.75. [18] [19] [20] Studies in dogs, people, and Rhesus monkeys have shown that this principle is comparably accurate in predicting the association between echocardiographic measurements and BW. 18, [21] [22] [23] However, cats have a narrower range of BW, and this association might not be clinically relevant over the range of cat weights.
Heart rate (HR) is routinely assessed during physical examination. It is described to be lower when cats are not restrained, as well as when the cats are in their home environment. 24, 25 An inverse association between BW and HR has been described in cats, but in a comparably small and homogenous population. 1 Therefore, the aims of our study were to investigate the independent effect of BW on HR, aortic (Ao), LA, and LV linear dimensions in cats using a statistical approach in a large cohort of cats, and to calculate 95% prediction intervals for these variables in normal adult pure-bred cats.
Materials and Methods
Clinical data from records of heart screens conducted in Europe, Australia, New Zealand, and North America between 1999 and 2014 within the PawPeds screening program (www.pawpeds. com) were entered into a database. In this program, owners and screeners are instructed to only screen cats that are apparently healthy, nonpregnant, and nonlactating. Cat characteristics, including BW and results from physical and echocardiographic examinations (including use of a sedative), were included in the database. There was no specification of type of scale used for measuring BW. Heart rate was obtained during the physical examination by cardiac auscultation. The final classification of the cat was entered, including the following classes: normal, equivocal for LV hypertrophy as defined below, hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM), and other cardiac diagnosis.
Cats were classified at the discretion of each examiner into diagnostic groups. As general recommendations to examiners in the program, cats could be classified as normal when subjective assessment of cardiac morphology was judged to be within normal variation and supported by a diastolic LV thickness of <5.0 mm in a cat that had a BW that fell in the typical range (2.5-6 kg). Cats outside of this weight range were recommended to be evaluated on a case-by-case basis. 7, 8 Equivocal classification could be considered when the subjective impression from the echocardiogram could not allow normal phenotypes to be distinguished from mild forms of HCM, the LV wall thickness was between 5.0 and 5.5 mm in a cat that had a BW that fell in the typical range (2.5-6 kg) or both, 26, 27 or the clinical correlate of a specific finding was undefined. Cats with normal LV wall thickness and systolic anterior motion (SAM) also could be classified as equivocal. A diagnosis of HCM could be considered when a subjective impression of hypertrophy (regional, global or papillary muscle hypertrophy) was supported by a M-mode diastolic LV wall thicknesses of the interventricular septum (IVSd), left ventricular free wall (LVFWd), or both that measured ≥5.5 mm in a cat that has a BW that fell in the typical range (2.5-6 kg). 12 Restrictive cardiomyopathy (RCM) classification could be considered in cats with normal LV wall thickness and LA or biatrial enlargement (LA enlargement defined as LA:Ao >1.5, 28 right atrial enlargement does not have a measurement definition). 29 In cases in which a cat had been subjected to repeated screens, only the most recent screen report was retained in the database. Thus, data from only 1 screening report per cat was included in the database. For the purpose of this study, we divided cats into 2 groups: those with normal and those with abnormal echocardiograms (including equivocal, HCM, RCM, or other cardiac diagnosis).
Echocardiography
The instructions to screeners in the PawPeds program state that cats must be scanned from beneath while in right lateral recumbency. The LV should be examined in 3 different 2D echocardiographic views: a right parasternal long-axis LV outflow view; a right parasternal LV inflow view; and a right parasternal LV short-axis view at the level of the papillary muscles. Left ventricular dimensions should be measured from M-mode images recorded from a right parasternal short-axis view at the level of the papillary muscles according to guidelines. 30 End-diastolic measurements of LV diameter should be made at the end of diastole, just before the onset of systole, and end-systolic LV diameter measured at the nadir of septal motion, from leading edge to leading edge. 30 Simultaneous electrocardiographic (ECG) monitoring is recommended, but not mandatory. The left atrial-to-aortic root diameter ratio (LA:Ao) should be obtained from a right parasternal short-axis view in early diastole at the first frame after aortic valve closure. 31, 32 Two-dimensional images of the LV outflow tract should be used to identify the presence of systolic anterior motion of the mitral valve, color Doppler echocardiography should be used to interrogate for LV outflow tract obstruction, and spectral Doppler should be used to assess maximal velocities of the left and right ventricular outflow tracts.
Statistical Methods
All statistical calculations were made using a commercially available computerized program.
a A value of P < .05 was considered significant. Median and interquartile range (IQR) were used to provide group-wise descriptive statistics for continuous variables. Differences between groups for continuous variables were tested using the Mann-Whitney U-test. The chi-squared test was used for testing the distribution of categorical variables.
Univariate linear regression and allometric scaling were used to evaluate associations among BW, HR, and echocardiographic measurements. Associations examined by allometric scaling were performed as previously described, using double-logarithmic transformations of the variables. 18 For both the linear regression analyses and the allometric scaling method, 2 datasets were used for each outcome variable: 1 including all cats and 1 including only cats classified as normal. For each analysis, the distributions of residuals were tested for normality using the Shapiro-Wilk W test. The adjusted R 2 is defined as the percentage of the total sum of squares that can be explained by the prediction formula, and it also considers the degrees of freedom for variables added. Using the regression analyses, the 95% individual prediction intervals that appear in Figures 1 and 2 and Table 3 were calculated according to the following formula 33 :
where Y t is the calculated value of Y for a given value of x, t is the Student's t value for n-2 degrees of freedom, n is the number of data points, S xy is the standard error of the estimate, X is the mean of the individual x values, ∑ (x i À X) 2 is the sum of the squared deviations of the sample mean.
Results

Cats
Screen reports from 19,866 cats were included in the database. The cats had a median age of 1.8 years (IQR, 1.1-3.2 years) and a median BW of 4.2 kg (IQR, 3.5-5.1 kg). Female cats were more frequently represented than male (12,699 versus. 7,167 cats, P < .001). Information concerning sexual status was available for 67% of cats, and intact cats were more common than neutered (11, 
Echocardiography
Heart rate and echocardiographic measurements are summarized in Table 1 . Interventricular septum in diastole (IVSd) was thicker than the LVFWd by 0.06 mm when comparing all cats or only normal cats (both P < .0001). Differences between cats with remarks on the echocardiograms compared to those with unremarkable findings were found significant for all variables (all P < .0001).
Effect of Body Weight
As a consequence of the residual distribution in the regression analyses, associations between BW and echocardiographic dimensions were most accurately described by allometric scaling, while linear regression most accurately described associations between BW and HR, fractional shortening (FS%), and LA:Ao. All echocardiographic measurements, except FS%, increased with increasing BW (all P < .001, Table 2 ). The highest associations, as indicated by highest R 2 , were found for Ao, LVIDd, LA, LVFWd, and LVFWs. For most of these variables, BW accounted for <25% of the variability in the echocardiographic variable, whether examined by allometric scaling or linear regression. Weak associations were found among BW and HR and LA:Ao, where HR decreased with increasing BW (P < .001) and LA: Ao increased with increasing BW (P < .001, Table 2 ). Marginal differences were found in prediction formulas when the dataset included all cats versus only those considered normal (Table 2) . For all echocardiographic variables, the scaling exponent was smaller than the biologically predicted exponent of 0.333 (Table 2) . 
95% Prediction Intervals
For each echocardiographic variable, 95% prediction intervals were calculated from the regression analyses (Fig 1) . As mentioned previously, small differences were found in estimates of constants in the prediction formulas when all cats versus only those with normal echocardiograms were included in the analyses. Thus, small differences in 95% prediction intervals were found for LV wall thickness in both systole and diastole, as well as for LVIDs, LA, and LA:Ao, whereas almost IVSd, interventricular septum diastole; LVIDd, left ventricular internal diameter diastole; LVFWd, left ventricular free wall diastole; IVSs, interventricular septum systole; LVIDs, left ventricular internal diameter systole; LVFWs, left ventricular free wall systole; FS%, fractional shortening; Ao, aortic diameter; LA, left atrial diameter; and LA:Ao, left atrial-to-aortic ratio. Table 2 . Prediction formulas and 95% prediction intervals for constants concerning the associations between body weight and heart rate and echocardiographic measurements using the allometric scaling method and unilinear regression models. complete overlaps were found for LVIDd, Ao, and FS % (Fig 2) . Numerical values of estimates and 95% prediction intervals by BW are presented in Table 3 . These values were based only on cats with normal echocardiograms according to stipulated criteria (see Materials and Methods).
Discussion
This is the largest published study of standard echocardiographic measurements in cats. The results showed that BW has a clinically relevant impact on most standard echocardiographic measurements in cats, which suggests that a fixed reference interval is not appropriate for all cats. We also found that, for a given BW, the 95% prediction intervals for end-diastolic wall thickness in pure-bred cats are lower than found in many previously published studies in cats. [1] [2] [3] [4] [5] [6] 10, [12] [13] [14] [15] [16] 34 The present study suggests that, like dogs and other mammalian species, allometric scaling produces more accurate predictions of echocardiographic dimensions than simple linear regression. Furthermore, BW had a clinically inconsequential (albeit statistically significant) effect on HR and LA:Ao. The only examined variable that BW did not have an impact on was FS%. The prediction formulas and 95% individual prediction intervals did not change substantially when all cats, including those with abnormal echocardiograms, were analyzed compared to when only those with normal echocardiograms were included, indicating that our prediction estimates were robust.
Our estimates for the exponentials in the allometric scaling were, for most variables, between 0.2 and 0.3, which is less than previously reported in dogs and lower than the theoretical value of 0.33, [18] [19] [20] indicating that these variables might scale differently in cats than in dogs. However, the majority of cats (95%) in the present study had BW between 2.6 and 7.7 kg, which is a smaller range compared to previously published studies in dogs, in which BW ranged between 3 and 70 kg. 18 The comparably narrow weight range means that it is more difficult to identify the exact mathematical formula that is most effective in predicting echocardiographic values. Furthermore, the R 2 for the prediction formulas also were smaller compared to results in dogs, in which R 2 values were reported to range between 0.77 and 0.88. 18 Likewise, the R 2 values of the present study generally were lower than previously reported in normal cats, in which linear regression was used to describe the association between echocardiographic dimensions and BW. 4, 8, 10 The lower R 2 in the present study could again be, in comparison with studies in dogs, an effect of a comparably narrow weight range, but also the small dimensions that are being measured in cats (down to fractions of a millimeter), which can be regarded as the lower limit of most ultrasound systems in the clinical setting. In comparison with previous studies in cats, the present study included a much larger number of cats with larger variation in size and body composition, examined by multiple observers and using different ultrasound systems, factors that are likely to affect the variation.
Normal 95% prediction intervals can be established in many different ways. The most common way in veterinary cardiovascular medicine is to study a population of presumably normal individuals and calculate a reference interval based on the standard deviation of the (presumably normally distributed) study population. However, this approach ignores some of the variation that exists in the population because all presumably abnormal individuals, and potentially a small proportion of normal individuals that are deemed abnormal before analysis, are excluded. Furthermore, it necessarily classifies some of the included normal individuals (usually 2.5% at each end of the distribution) as abnormal, even though they are healthy. It also requires accurate phenotypic assignation of individuals as normal or diseased and ignores the possibility of occult disease. That is, subjects are classified as normal on criteria other than those being evaluated (such as history of disease and physical examination findings), which might not be present in subjects with occult disease. Another approach is to perform discriminant or receiver operating characteristic (ROC) analyses to establish optimal cutoff values between normal and abnormal findings, 35, 36 but these methods might be of limited use because they require a classification of true-positive and true-negative individuals (with regard to disease status) and doing so often is not possible in the clinical setting. A third method is to study the entire population and compare the estimates to those obtained in a similar analysis including a subset of presumably normal individuals. This method has the benefit of being independent of the classification of the cat, because all cats, regardless of clinical status, are included in the analysis. Because of the difficulty in accurately classifying cats as normal or abnormal, and because these differentiations often are based on the very echocardiographic criteria being examined (creating a circular argument), we chose to use this last approach. Our results indicate that estimates of prediction formulas and 95% individual prediction intervals were not substantially different between the entire population and the group of cats with normal echocardiograms. Only slightly higher values were obtained for IVSd, IVSs, LVFWd, LVFWs, and LA:Ao when all cats were included compared to only those with normal echocardiograms. This finding indicates that the prediction formulas and 95% prediction intervals were comparably robust.
Identification of cats with echocardiographic measurements that fall outside of the normal 95% prediction interval may help the clinician establish a diagnosis, but it is generally recommended that the diagnosis of HCM not be made based on 1 or a few measurements that fall slightly outside of the normal reference interval. 26 Furthermore, investigators have demonstrated that the diagnosis of LV hypertrophy is method dependent, resulting in substantial differences of prevalence of LV hypertrophy depending on the method chosen. 16 Our study was not aimed at characterizing features of HCM or any other cardiac disease. Rather, it was aimed at investigating the impact of BW on echocardiographic measurements and establishing Table 3 . Predicted cardiac dimensions and 95% prediction intervals for 18460 cats with normal echocardiograms according to specific, stated criteria (see materials and methods). 45 prediction formulas and 95% prediction intervals for these variables. The results might help clinicians identify cats with abnormal measurements, but clinicians should recognize that a cat might have ≥1 abnormal echocardiographic measurements and be free of cardiac disease, because substantial anatomic variation exists in normal cats, and data acquisition may have been suboptimal.
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Furthermore, there is a distinct difference between an echocardiographic measurement outside of the reference interval and a clinically relevant abnormal measurement. For example, in dogs, it has been suggested in different studies investigating prognostic variables in myxomatous mitral valve disease that a LA:Ao >1.7 is prognostic for survival. 37 The reference threshold for LA:Ao in dogs is generally considered to be <1.5. Thus, a dog might have an abnormal LA:Ao, but the abnormal value might be inconsequential. In cats diagnosed with HCM, presence of extreme hypertrophy (LV diastolic wall thickness >9 mm) has been shown to have prognostic value. 38 This degree of LV hypertrophy is well above 6-mm wall thickness, a value that has been suggested to identify cats with LV hypertrophy and HCM.
13 This cutoff of 6 mm is higher than the upper 95% prediction interval of 5.4 mm in our study for cats weighing <6 kg, which in the present study population would include approximately 85% of the cats. Furthermore, the 6-mm cutoff would only apply to cats weighing >8 kg. All cats <8 kg had upper limits <5.5 mm, and cats weighing <5 kg had upper limits <5 mm.
The present study identified a small but significant effect of BW on HR and LA:Ao. With large sample populations, statistically significant associations can be found, but they can be so weak that they lack clinical relevance. The R 2 and the estimates of the constants in prediction formulas are more informative than the P-values in this setting because they provide information on strength of association and the impact of 1 variable on another. With the prediction formulas, BW explained 1% of the change in HR. Similarly, BW explained ≤1% of changes in LA:Ao (Table 2 ). The prediction formulas only suggest a decrease of 2.56 beats/min per kilogram or an increase in LA:Ao of 0.01 per kilogram increase in BW-changes that clearly lack clinical relevance. Thus, clinicians can consider LA:Ao a weight-independent measure of LA size and an LA:Ao <1.5 to be normal for all cats (Table 3) . Conversely, absolute LA dimensions vary sufficiently with BW that weight-based thresholds should be considered (Table 3 ). An inverse relationship to BW previously has been described for HR in cats, but in a comparably small and homogenous population. 1 Such an association also has been shown in a large population of dogs, 39 in which the HR decreased by 0.23 beats/min per kilogram increase in BW, which is considerably lower than that found in the included cats of the present study. To the authors' knowledge, the the LA:Ao has not previously been shown to be influenced by BW in cats.
The present study has some limitations. Body condition score was not included in the screen protocol, which means that degree of obesity could not be assessed. Furthermore, the examinations and echocardiograms were obtained by many examiners using different scales (for measuring BW) and many different ultrasound systems in pure-bred cats of many different breeds. Like any other method, echocardiography is associated with inter-and intra-observer variation. Several other studies have included only 1 or a few examiners at 1 center using 1 or a few different ultrasound systems, which is likely to produce smaller variation of the constants in the prediction formula and a more narrow 95% individual prediction interval. The variation and the prediction intervals are likely to be larger in our study, but at the same time, our study has a higher overall validity in the general purebred cat population, because the estimates are based on measurements made by many examiners in cats of many different breeds. Thus, it takes into account many sources of variation. Therefore, the estimates in the prediction formulas and 95% individual prediction intervals are likely to be more conservative (i.e, wider) in the present study.
Although the age range was comparably wide in our study, the age distribution was skewed toward comparably young cats, approximately 40% were between 2 and 3 years and 18% were between 3 and 4 years old, which may have influenced the results of our study. Older cats also are more likely to be affected by primary noncardiac disease that may influence echocardiographic measurements, which in turn might have increased the overall variation.
The associations between BW and echocardiographic variables were modeled by linear regression (HR, LA:Ao, FS%) and allometric scaling (all other echocardiographic variables). Other methods of modeling may have led to slightly different estimates and 95% CI, 40, 41 although the heat plots in Figure 1 indicate that the distribution of measurements fall inside the 95% CI and that the line of fit crosses in the middle of the area with highest density of observations. Furthermore, the diagnostic criteria were based on an assumed association between body size and echocardiographic dimensions, and because of this, the criteria for identification of hypertrophy varied depending on body size. The use of a priori definitions of hypertrophy may have constrained prediction intervals, but the difference in estimates and CI were small when including all versus including only normal cats. Given the number of persons responsible for entering information into the screening reports and database, some inaccuracy of recording is inevitable. However, any error in data entry was likely random rather than systematic and therefore not likely to result in bias. It is also possible that some apparently healthy cats were in fact suffering from undiagnosed noncardiac disease. However, this misclassification would have decreased the probability of detecting associations or differences between groups and thus does not diminish the clinical relevance of the findings of our study.
Conclusions
Body weight has a clinically relevant effect on echocardiographic dimensions in cats, and this effect must be taken into account when determining normal prediction intervals. The association between BW and echocardiographic dimensions was best described by allometric scaling. Body weight-based 95% prediction intervals determined in the present study may help in screening cats for heart disease.
